Heat and moisture production rates (HP, MP) of modern broiler chickens (Cobb strain) raised on litter in commercial production settings were determined from environmental and production data collected over 16 consecutive flocks during a three-year period. The flock size averaged 18,800 birds per house, with an average growth period of 56 days. Specific total HP rate (W/kg body mass) obtained from this study is slightly greater than that reported by Reece and Lott (1982) for birds of the same body mass at 21.1°C. However, MP is reduced in modern broiler houses with nipple drinkers. Regression equations were established that predict total, sensible and latent HP in modern broiler houses over common ranges of body mass, air temperature, relative humidity, and lighting conditions. 
INTRODUCTION
Heat and moisture production rates (HP, MP) of animals provide the fundamental information for design and operation of housing ventilation systems. A comprehensive review of literature on HP and MP of poultry has recently been conducted by Chepete and Xin (2001) . HP and MP of modern, fast-growing broilers raised under commercial housing conditions have not been extensively quantified. In addition to the effects of larger chickens, the current, prevailing use of nipple drinkers may have significantly changed the amounts of evaporated moisture produced in the broiler houses (Gates et al., 1996; Xin et al., 1996) . Longhouse et al. (1968) measured HP and MP of chickens in calorimeters, but depended on estimates of fecal moisture and final litter moisture to calculate the relative magnitude of latent and sensible HP (LHP, SHP) in broiler houses. Reece and Lott (1982) measured the effects of both chicken size and temperature on room HP and MP from broilers grown on litter in test chambers. However, final chicken weights were about 2 kg (4.4 lb.), as compared to 3 kg (6.6 lb.) and greater in current flocks. Also, open surface waterers had been used in the previous studies.
The objective of this study was to determine HP and MP of modern broilers grown in commercial housing. The data required for the calorimetric calculations were available from a project conducted with four full-size broiler houses during 1991 to 1993. Although the houses were not designed for calorimetry, enough instruments were installed to make reasonable estimates of HP and MP under certain conditions.
MATERIALS AND METHODS

Experimental Equipment and Procedures
The four broiler houses used for the study were similar to those built for commercial production in the southern US. The houses were 12.2 m (40 ft) wide by 122 m (400 ft) long, with a 61-m (200-ft) section on one end being used for brooding of the younger birds up to about two weeks of age. The different houses were equipped with identical feeding and watering equipment, and identical chicken management procedures were followed in all houses when possible.
Two of the four houses were constructed with steel frames and had 5 cm (2 inch) of polystyrene foam insulation just below the sheet metal roof. The other two had post and truss frames, with 14 cm (5.5 inch) of loose-fill cellulose insulation along the lower chords of the trusses. The end and sidewalls of all houses were similarly insulated with 3.8 cm (1.5 inch) of polystyrene foam. The sidewalls of all four houses contained continuous 76-cm (30-inch) openings that were covered with adjustable plastic curtains and provided natural ventilation when the chicken age and outside conditions were appropriate.
One of the steel frame houses and one of the wooden frame houses used conventional (for 1990) equipment for ventilation, heating, and cooling. Four 91-cm (36-inch) exhaust fans in the north sidewall provided ventilation for small chickens and during cold weather. Entrance of ventilation air was provided by lowering the south sidewall curtain about 2 cm (0.75 inch). A combination of unvented gas furnaces and unvented brooders for the smaller chickens supplied brooding heat. Summer cooling was provided by fully-opened sidewall curtains, 14 stirring fans of 91 cm (36 inch) in diameter placed along the south opening to drive air diagonally across the house, and misting nozzles placed in line with the fans.
The other house of each construction type was ventilated, heated, and cooled by an experimental tunnelventilation system. All powered ventilation was provided by one or more of 10 fans of 1.2-m (48-inch) in diameter placed in or near the endwall of the brooding end of the houses. During powered ventilation air entered the house through sliding wall inlets that were adjusted to maintain negative static pressures of about 20 Pa (0.08 inch water) in the house. Most supplemental heat was from unvented gas furnaces, but some brooders were used during power outage or for young birds during extremely cold periods. The sliding inlets were distributed in two 30.5-m (100-ft) sections in the south sidewalls. This location of the inlets did not uniformly distribute incoming air, but six strategically located stirring fans in each house provided good mixing of both inlet and heated air from the furnaces. During mild weather, the curtained openings and sliding panels were opened to provide natural ventilation. With hot weather and large chickens, tunnel ventilation and 10-cm (4 inch) cooling pads were used for cooling.
Broilers were grown in the houses for 16 consecutive, concurrent flocks during a 3-year period. An average of 18,800 chicks were placed in each house and grown for an average of 56 days. With one exception due to bad weather, chicks were placed and harvested in all four houses on the same day. Feed was provided with two rows of pans and water with four lines of nipple drinkers along the length of each house. In contrast to common local practice, lighting was not always provided throughout most of the night, but light periods were often alternated with two hours or more of darkness in experimental attempts to reduce the incidence of ascites in the chickens. Cobb strains of chickens were used in all 16 flocks.
Experimental data necessary for calorimetric calculations of HP and MP were collected in all four houses through most of the 16 growing periods. With some exceptions noted below, measurements were generally made at two-minute intervals and recorded as 10-minute averages. The measurements included:
1. Inside air temperatures, measured by thermocouples at 28 locations in each house. 2. Exhaust air temperatures, measured by thermocouples placed inside the houses about 1 m from the cold weather exhaust fans. Because those fans were located in the sidewalls, and ran for part of fiveminute cycles, these measurements were necessarily an average of exhaust and inside temperatures. 7. The duty cycles (on time) of exhaust fans, brooders, and furnaces recorded at 10-minute intervals. 8. LPG fuel consumption, measured by pulses from calibrated temperature-compensated gas meters located on each house over 10-minute intervals. 9. Electric power for the lights, environmental equipment, and the entire house, measured by pulses from three electric meters on each house, respectively. The electric power use for the entire house, less lighting and environmental power use, usually provided a good measure for electric use by the feeding equipment.
Berry et al. (1991) and Xin et al. (1993a Xin et al. ( , 1993b Xin et al. ( , 1994b provide more information about the broiler houses and the instrumentation systems.
Calculation of HP and MP
HP and MP in each broiler house were calculated at 10-minute intervals by solution of the following steady-state equations:
where: Q s = sensible heat production, W, ρ = density of air, kg/m 3 , V = ventilation rate, m 3 /s, c p = specific heat of air, J/(kg⋅C), T e , T o , T i = temperature of exhaust, outside, and inside air, respectively, o C, U = building heat transfer coefficient, W/ o C, Q sup , Q equip = heat from furnaces and other internal equipment, respectively, W, and:
where: W = moisture vapor production, kg/s, and w e , w o = humidity ratio of exhaust and outside air, respectively, kg/kg.
Actual calculations of the term U (T i -T o ) were performed using the spreadsheet model developed by Berry and Miller (1989) . Heat transfers through the roof and wall surfaces were calculated separately, using separate measurements of inside air temperatures near those surfaces. Sol-air temperatures were calculated for each exterior surface, using actual measurements of the wind speed and solar radiation (ASHRAE, 1989). Solar heat collection through unshaded portions of the semi-transparent curtain walls was also estimated. Heat transfer through the floor perimeter was estimated by methods described by Midwest Plan Service (1987), but these were modified to estimate the effect of increasing depths of litter on the floor between successive flocks. Vertical heat transfer through the floor was not estimated.
Transfers of heat and moisture by ventilation were based on published ventilation rates for the ACME Engineering exhaust fans and attached shutters. The measured duty cycles of the fans over 10-minute periods were used to estimate ventilation rates. The fans and attached shutters were carefully cleaned after each flock to maintain their efficiency. No attempt was made to estimate infiltration rates, but the new houses were free of obvious air leaks.
Q sup , heat from space furnaces and brooders, was estimated from the measurements of LPG use, assuming that both the unvented furnaces and unvented brooders had a combustion efficiency of 95%. The combustion moisture from the heaters was estimated and subtracted from the psychrometric calculations of building MP, so that the final estimates of LHP would be for only the chickens and their litter.
Q equip included estimates of lighting heat based on the measured duty cycles of the lights, and periodic measurements of lighting power demand. A similar procedure was used for internal stirring fans, except that the manufacturer's power ratings of the fan motors were used. Heat from feeder motors was estimated by subtracting the lighting and ventilation power measurements from the total building power measurements. This procedure was usually quite accurate, but may have slightly over estimated internal heating rates on rare occasions.
Data Analysis and Statistical Procedures
Because the broiler houses were designed and managed as a commercial operation, rather than as direct calorimeters, extensive editing of the experimental data were required to obtain reasonable estimates of the building HP and MP. The raw data were accumulated in spreadsheets for each flock-house combination, with a full set of measurements for each 10-minute interval. The first editing step consisted of marking spurious data, resulting from instrument failure, with an error code that would be carried on to mark subsequent calculations. Typical instrument failures resulted from broken thermocouples, mechanical sticking of wet bulb devices, discharged batteries, and occasional outage of electrical power to the site. These were readily identified and marked. During this process, thermocouple readings in the houses were averaged into separate records for the floor, wall, and ceiling temperatures. In order to facilitate later recognition of spurious data, calculations of the building HP and MP by solution of equations [1] and [2] were conducted with the 10-minute data. Psychrometric values were determined by equations from ASAE (2000), except that Teten's equation (Weiss, 1977) was used for calculation of saturation vapor pressure. Building HP and MP values were converted to specific (per unit mass of chicken) values by adapting the body mass (M) equations from Xin et al. (1994a) . The equations were modified by proportionately increasing or decreasing the daily chicken M to yield the actual M at the end of the flock. In a similar manner, equations for cumulative mortality from the same source were modified to estimate the number of chickens and total M in the house at a given age.
Additional editing was done after the SHP and LHP were calculated. First, the calculated SHP data from the two conventionally ventilated houses were extremely low during the supplementary heating periods. Those houses did not distribute heated air from the furnaces uniformly through the house, and as a result, required about 25% more fuel than the houses with stirring fans (Xin et al., 1993b) . Therefore, data from these two houses were excluded from subsequent calculations. The remaining two houses were considered very efficient from a ventilation and heating viewpoint. Stirring fans were placed to direct air over the furnaces, and inlet air had to travel a minimum distance of 43 m before being exhausted.
Second, data from all houses were greatly variable during the first three weeks of growth. This presumably resulted from the rather low magnitude of chicken HP in comparison to heat or moisture exchanges of ventilation, furnaces, and building surfaces, thus these data were omitted.
Third, data from the two tunnel-ventilated houses were questionable during cooling periods. There was no attempt to estimate ventilation rates when curtains were opened. In hot weather, the buildings were power ventilated, but the number of active fans was not recorded, and the amount of water from the cooling pads was much greater than the amount of water evaporated by the chickens. Therefore, data from the summer flocks were excluded.
Fourth, large increases in the calculated LHP, and to a lesser degree in SHP, occurred when inside temperature rose high enough to cause the winter fans to start running continuously after extended parttime operation on timers. The large increases in the calculated HP were due to the delay in the response of the house and litter conditions after the sudden increase in ventilation rates. For this reason, unusually high values of the calculated SHP and LHP occurring for two hours after such events were excluded from the final data set.
As a result of the above data filtration, SHP and LHP were determined only from the two tunnelventilated houses during moderate and cold weather, when winter ventilation fans were used. After these deletions of data, the 10-minute recordings were averaged into hourly values, with only those containing six 10-minute recordings being retained. Even with this extensive removal of data, 10,780 hourly data sets were retained for further analyses.
Total metabolic heat production (THP) from the chickens, including litter HP, was fitted to the following regression equation:
Applying natural logarithm to both sides of equation [3] to linearize it for standard regression yields:
where: THP = specific total heat production, W/kg bird mass, M = body mass of the chicken, kg, LT = light code, = 0 when house light is on more than 45% of the hour, or when outside radiation is above 0.195 W/m 2 , otherwise = 1, T db = dry bulb temperature at the floor level, o C, and b 0, . . . b 4 = coefficients determined by least squares.
The M term in the function was selected because of Brody's (1945) concept that metabolic heat from an animal is nearly proportional to M 2/3 ; hence, specific body heat should about equal to M -1/3 .
LHP was described in regression form as percentage of THP, by the following equation:
where: %LHP = % of total specific heat production in latent form, RH = relative humidity, %, with other terms described by equation [3] .
RESULTS AND DISCUSSION
Regression of M vs. THP
The relationship between THP and M, without consideration of other variables, is shown in Figure 1 . For all data, the means of THP and ln(THP) were 9.220 and 2.151, respectively. The plots of hourly average data indicate a large degree of variation in THP. The regression of ln(THP) vs. ln(M) accounted for only 28.2% of the total variation about the mean, but was highly significant ( Table 1 Figure 2 . The inclusion of LT and T db in the regression slightly changed the ln(M) coefficient to -0.4638 ( Table 2 ). The inclusion of the LT, T db , and T db 2 terms in the regression increased R 2 from 0.282 to 0.456, indicating that the selected model reduced the total variation about the prediction line, as compared to a mean, by 45.6%. None of the other variables tried in the model further reduced R 2 by more than 2%. 
Effects of light on THP
The light variable (LT) is a code that was set to one for total darkness, when the house lights were off for more than 33 minutes (i.e., >55% of the time) during the hour and the outside radiation level was less than 0.195 W/m 2 and to zero for lighted conditions. The value of 0.195 W/m 2 was selected by varying the value through repeated regressions until the correlation coefficient was at maximum. With LT = 0 for lighted conditions, exp(0) = 1.0, indicating no reduction in THP. With LT = 1 for darkness, exp(-0.1865) = 0.8299, indicating that THP was reduced to 83% of that during the lighted conditions. This magnitude of reduction in THP (17%) was less than the value of 25 to 26% measured by Xin et al. (1996) for broilers raised on relatively fresh and shallow litter in calorimeter chambers. With this criterion for defining lighting, darkness occurred 3,078 hours out of the total of 10,780 hours. Darkness was not imposed on the chickens at this proportion for the entire study, but more of the evening hours were retained in the analyzed data because more natural ventilation occurred during the warmer daytime hours and prevented measurements of ventilation exchange.
Effects of temperature on THP
The effects of temperature on THP are indicated by Table 2 and graphically by Figure 3 Effects of temperature on LHP LHP was quantified as the percent of THP in the data analyses. For all data, the average %LHP was 50.61%. Table 3 shows the results of regression analyses using Equation [5] as a model. The R 2 statistic increased progressively from 0.5314 to 0.5677 and 0.6270 as T db 2 and RH terms, respectively, were added to T db in the original regression model. Figure 4 shows that LHP, as a percent of the THP, increases sharply at the higher temperatures. Of course, above about 25 O C, the %LHP increase partially represents a decrease in THP, rather than any increase in the rate of water evaporation. 
Effects of RH on LHP
As shown in Figure 5 , %LHP decreased about 15% as RH increased from about 40% to 80%. RH provided a more significant response than did partial water vapor pressure in this simple regression.
Comparisons with previous data
Prediction equations from Reece and Lott (1982) for SHP and LHP from broilers were compared with regression Equation [3] . The older data were obtained from chickens grown separately at 15.6, 21.1, and 26.7°C above three weeks of age. The temperatures of 21.1, and 26.7°C were used in Equation [3] because 15.6°C never occurred in the current study. For this comparison, lights were assumed to be on. The results are shown in Figure 6 . THP of the current study was slightly greater at 21.1°C. At 26.7°C, THP was somewhat greater at the lighter M (<0.6 kg), but decreased more rapidly at heavier M. The relationship of reduced THP at higher air temperature for ad-lib fed birds was shown consistently in the current study, whereas the two THP lines (21.1°C and 26.7°C) crossed in the older study.
In the older study, LHP from the chickens and litter was considerably greater than SHP for all M at both 21.1 and 26.7°C. In contrast, LHP averaged 50.61% for all data from the current study, and, by the prediction equation, exceeded 50% only after temperature rose above about 23 O C. This difference was probably due to the reduced water loss from the modern nipple drinkers, as compared to the open-surface waterers.
The magnitude of residual variation in the current data can be credited to at least three factors: (1) description of a dynamic process by static equations which ignore heat and moisture storage, (2) actual variations in the metabolic rates and behavior of the chickens, and (3) use of hourly rather than daily averages for analyses. Daily averages were used for some preliminary analyses, but were omitted because the data ranges of temperature, light, and RH were reduced for their use in regressions.
CONCLUSIONS
• Regression equations were established to predict heat and moisture production rates in modern broiler houses over common ranges of body mass, air temperature, relative humidity, and lighting.
• Specific total heat production rates in modern commercial broiler houses were slightly higher than those shown from previous studies under thermoneutral conditions.
• Latent heat production is reduced in modern broiler houses with nipple drinkers. Figure 6 . Comparison of total heat production (THP) of broilers between the current study and the study by Reece and Lott (1982) .
